Abstract. The hepatitis C virus (HCV) infection is associated with various extrahepatic manifestations, which are correlated with poor outcomes, and thus increase the morbidity and mortality of chronic hepatitis C (CHC). Therefore, understanding the internal linkages between systemic manifestations and HCV infection is helpful for treatment of CHC. Yet, the mechanism by which the virus evokes the systemic diseases remains to be elucidated. In the present study, using gene set enrichment analysis (GSEA) and signaling pathway impact analysis (SPIA), a comprehensive analysis of microarray data of mRNAs was conducted in HCV-infected and -uninfected Huh7.5 cells, and signaling pathways (which are significantly activated or inhibited) and certain molecules (which are commonly important in those signaling pathways) were selected. Forty signaling pathways were selected using GSEA, and eight signaling pathways were selected with SPIA. These pathways are associated with cancer, metabolism, environmental information processing and organismal systems, which provide important information for further clarifying the intrinsic associations between syndromes of HCV infection, of which seven pathways were not previously reported, including basal transcription factors, pathogenic Escherichia coli infection, shigellosis, gastric acid secretion, dorso-ventral axis formation, amoebiasis and cholinergic synapse. Ten genes, SOS1, RAF1, IFNA2, IFNG, MTHFR, IGF1, CALM3, UBE2B, TP53 and BMP7 whose expression may be the key internal driving molecules, were selected using the online tool Anni 2.1. Furthermore, the present study demonstrated the internal linkages between systemic manifestations and HCV infection, and presented the potential molecules that are key to those linkages.
Introduction
Hepatitis C virus (HCV) is the leading cause of serious liver diseases, including fibrosis, cirrhosis and hepatocellular carcinoma, which affect >185 million people worldwide and >3 million people are newly infected each year (1) . However, chronic HCV infection is associated with various extrahepatic manifestations, and it is estimated that a high proportion of patients with chronic hepatitis C (CHC) (~90%) may develop at least one extrahepatic manifestation during the course of the disease (2, 3) . Certain extrahepatic manifestations are most likely associated with the HCV infection, such as mixed cryoglobulinemic syndrome and B-cell non-Hodgkin lymphoma, while other manifestations are potentially associated with HCV infection, such as type 2 diabetes mellitus, membrane proliferative glomerulonephritis, neurological impairments, sicca syndrome, porphyria cutanea tarda, lichen planus, autoantibodies, moorens corneal ulcers and cardiovascular events (3) . These linkages are confirmed following antiviral treatment, which partly ameliorate the above-mentioned syndromes. However, those extrahepatic manifestations are, in turn, correlated with poor outcomes, including accelerated progression of hepatic fibrosis, reduced sustained virological response rates, and the development of hepatocellular carcinoma (HCC), resulting in increasing the morbidity and mortality of CHC (2) . Yet, the mechanism by which the virus evokes the systemic diseases, including thyroid, cardiovascular, renal, eye and skin diseases, and lymphomas and diabetes, remain to be elucidated (4) . Certainly, the mechanisms causing the extrahepatic effects of HCV infection are likely multifactorial, and include direct or indirect effects (2, 3, 5) . Previous studies indicate that HCV directly infects and replicates in various types of extrahepatic cell, and thus induces extrahepatic manifestations, although increasing evidence indicates that it also results from endocrine effects or a heightened immune reaction with systemic effects (6) . Furthermore, successful eradication of HCV with antiviral drugs was shown to improve certain extrahepatic effects, which are not always associated with the severity of liver diseases (7) . Thus, understanding the internal linkages between systemic manifestations and HCV infection is useful for improving the treatment of CHC in future.
Internal driving factors leading to extrahepatic manifestation of the hepatitis C virus infection
With the rapid development of microarray techniques, increasing applications of those high-throughput methods reveal the pathogenic mechanism of the HCV infection (8) (9) (10) . Previous studies demonstrated that the HCV infection affects signaling pathways associated with diseases, including type II diabetes signaling, hepatic cholestasis and cancer (11) (12) (13) (14) . However, the results are not entirely consistent with one another. The variability may result from various factors, such as the cell lines, cells with different statuses, virus genotypes and viral infectious dose. It may also result from the use of different microarray platforms and different algorithms (15) . The methods of dealing with these data have recently been developed (16) . Gene set enrichment analysis (GSEA) and signaling pathway impact analysis (SPIA), which are two mature algorithms and are used proverbially, consider a set of genes as a group in order to calculate the correlation with different phenotypes (17) . In the present study, GSEA and SPIA were applied to compare the expression levels of mRNAs in HCV-infected and -uninfected cells. Using this method, signaling pathways associated with liver and extrahepatic diseases were selected, and the important molecules in those pathways were also demonstrated. These data will contribute to clarifying the internal driving factors contributing to the systemic diseases of HCV infection.
Materials and methods
Cells and treatments. Huh7.5 cells and plasmid pFL-J6/JFH/JC1 containing the full-length chimeric HCV complementary DNA (cDNA) were provided by Vertex Pharmaceuticals, Inc. (Boston, MA, USA). HCV virus stock was prepared as previously described (18) . Huh7.5 cells were infected with HCV virus stock (150 IU/cell) or virus mock stock (as a control). After 48 h, the culture supernatants were removed and the cells were lyzed directly with TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and total intracellular RNAs were extracted accordingly. mRNA microarray was performed by Kangchen Biotech Co., Ltd. (Shanghai, China) using Agilent chips (Agilent Technologies, Santa Clara, CA, USA). Each of the experiments was independently performed four times.
Data preprocess. All data obtained from the microarray chips were transferred to the genomic data structure format using the Biobase package in Bioconductor (version 3.1) (19) . The data annotation was applied using the package, hgug4112a.db (20) . Data from four arrays were combined and quantile normalized prior to analysis (21) , then transformed to a log 2 scale (22) , and batch effects were removed using the sva package in Bioconductor (23) .
GSEA. GSEA analysis of signaling pathways and genes was performed using the category package in version 3.1 of Bioconductor (24) . The goal of GSEA analysis is to determine whether the members of a gene set 'S' are randomly distributed throughout the entire reference gene list 'L' or are primarily found at the top or bottom of the list. Gene sets represented by ≤5 genes were excluded. The t-statistic mean of the genes was computed in each Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway. The information regarding the pathways was obtained from KEGG.db in Bioconductor (25) . Using a permutation test with 10,000 permutations, the cut-off of the significance level was determined as P<0.05 to indicate the significant signaling pathways associated with HCV infection.
SPIA. SPIA analysis was performed using the SPIA package in version 3.1 of Bioconductor (26) . SPIA calculated the P-value combing the different expression gene data with the perturbation of signaling pathways. In this case, the different expression genes were confirmed by applying the limma package (27) . Genes with P<0.05 by row t-test were selected. The detailed procedure of SPIA was performed according to a previous study (28) .
Anni 2.1. The association between a gene and the HCV infection was analyzed using the online tool Anni 2.1 (http:// biosemantics.org/index.php/software/anni). The calculation was performed as previously described (29) . The entry of each pathway, such as map04010 for mitogen-activated protein kinases (MAPK) signaling pathway was submitted, along with the key word 'HCV' as a pair to Anni 2.1. Anni 2.1 retrieves data from MEDLINE (https://www.medline.com) to score the association between HCV and each gene in these signaling pathways. The association score is based on concepts co-occurrences and a higher score indicates a greater association between a gene and HCV.
Pathview. The visualization of gene changing in signaling pathways was performed using the Pathview package in version 3.1 of Bioconductor (30) .
Results
To investigate the internal driving factors contributing to systemic diseases of the HCV infection, Huh7.5 cells were infected with HCV genotype 2a (virus group) or virus mock stock (control group), and the intracellular total RNAs were extracted after 48 h. The level of mRNAs was determined using Agilent chips. Following normalization, the numerical average level of genes in virus and control groups at log 2 scale was plotted (Fig. 1) . Results indicated that the majority of genes remain unchanged >2-fold or <0.5-fold following infection with HCV, which is consistent with previous studies (31) .
Subsequently, the P-values were calculated using GSEA or SPIA. In the results obtained with GSEA, 40 pathways were selected with P<0.05 (Table I) , including signaling pathways with functions of human diseases, metabolism, organismal systems, cellular processes, genetic information processing and environmental information processing. Among them, 35 signaling pathways were inhibited and five signaling pathways were activated by the HCV infection, and hepatitis C and hedgehog signaling pathways were previously confirmed (32) . However, in the result calculated with SPIA, only eight signaling pathways were selected (Table II) , including gastric acid secretion, the MAPK signaling pathway, cytokine-cytokine receptor interaction, dilated cardiomyopathy, amoebiasis, basal cell carcinoma, human T-cell leukemia virus type I infection and cholinergic synapse. However, apart from the gastric acid secretion pathway, these signaling pathways were not included in the results selected with GSEA.
To clarify the association between signaling pathways, the overlap genes in signaling pathways were further assessed and heat-maps of the pathways were plotted (Fig. 2) . The results clearly demonstrate that changed genes overlapped more in the two clusters of signaling pathways selected using GSEA ( Fig. 2A) . One cluster included the signaling pathway of hepatitis C and pathways predominantly associated with cancer, including non-small cell lung cancer, glioma, bladder cancer, melanoma, endometrial cancer, prostate cancer, chronic myeloid leukemia, pancreatic cancer, the ErbB and neurotrophin signaling pathways, renal cell carcinoma, dorso-ventral axis formation, colorectal cancer, thyroid cancer, small cell lung cancer, and pathways in cancer ( Fig. 2A) . The other cluster was comprised of the hedgehog signaling pathway, shigellosis, bacterial invasion of epithelial cells, pathogenic Escherichia coli infection, adherens junction and leukocyte transendothelial migration, which was predominantly associated with infection diseases (Fig. 2A) . However, overlap genes between signaling pathways selected using GSEA were relatively few (Fig. 2B) .
To analyze the biological significance of these selected pathways, the average score of signaling pathways was calculated to evaluate the biological significance of the pathway and highlight the gene with the highest score in the signaling pathway using the online tool Anni 2.1. Six signaling pathways from SPIA and 11 signaling pathways from GSEA (pathways with P<0.025) were selected (Table III) . The results demonstrated that the score of the prostate cancer signaling pathway was the highest, followed by the hepatitis C pathway, and SOS1 was the highest scoring gene and made the most contribution to six of the signaling pathways (Table III) . However, the average score of signaling pathways identified by GSEA is higher than that identified by SPIA (0.0085 vs. 0.0045; P<0.025).
Discussion
To understand the internal driving factors contributing to the systemic manifestation of the HCV infection, a comprehensive analysis was performed on microarray data of mRNAs in HCV-infected and -uninfected Huh7.5 cells using GSEA and SPIA, and 40 signaling pathways that were significantly activated or inhibited were selected using GSEA, and eight pathways that were significantly changed were selected using SPIA, although only one signaling pathway overlapped with GSEA. Indeed, there were few instances of overlapping signaling pathways in GSEA and SPIA, and similar differences were previously reported (15, 33) . The reason may be that GSEA and SPIA are based upon different theories. GSEA is based upon functional class scoring (FCS) methods. Compared with traditional overrepresentation analysis (ORA) methods, GSEA is accurate and meaningful as it does not ignore molecular measurements when identifying significant pathways. SPIA uses pathway topology (PT)-based methods. Compared with FCS methods, SPIA uses topology information of signaling pathways when identifying significant pathways. It is more accurate and meaningful than FCS methods. However, PT-based methods do have limitations, as the knowledge of signaling pathways is not fully Continued. Visualized pathways of (E) dorso-ventral axis formation, (F) amoebiasis. Genes in red are upregulated and genes in green are downregulated. Genes in blue and pink are upregulated and downregulated but to a lesser degree. Genes in grey are not regulated significantly. Genes in white are these genes not counted in this microarray.
understood and there is only fragmented knowledge. In addition, the integrity of topology information of signaling pathways will largely affect results. With improvement of annotations, PT-based methods are expected to become more valuable. In view of this, GSEA and SPIA algorithms were applied to demonstrate the signaling pathways in different landscapes. These pathways provided important clues for further clarifying the intrinsic associations between systemic syndromes of HCV infection.
Cryoglobulinemia, B-cell lymphoma and thyroid disorders are the major extrahepatic manifestations; however, the three disorders are not included in the KEGG pathway database, therefore they are not shown when applying KEGG-based statistics. The two algorithms, GSEA and SPIA, determine that certain signaling pathways include genes associated with these diseases. Types II and III cryoglobulinemia, which are strongly associated with HCV infection, tend to be associated with immune disease usually accompanied by abnormal antibodies (34) . In the present results, systemic lupus erythematosus, nucleotide oligomerization domain (NOD)-like receptor signaling pathway and leukocyte transendothelial migration were observed. As the biological process by which HCV causes cryoglobulinemia is not fully understood, the present results may provide insight into the investigation of the internal driving factors related with the disease after HCV infection. B-cell lymphoma is a cancer of the B lymphocytes. In the present results, 15 signaling pathways of cancer were identified, notably the pathway termed 'pathways in cancer'. A previous study indicated that NOD-like receptors are key in human B lymphocytes (35). Certainly, NOD-like receptor signaling pathway was indeed selected out in our result. In addition to that, the signaling pathway of thyroid cancer was identified to include certain genes associated with thyroid disorders. Those results indicate that the present experiments and the algorithms are valuable.
HCV is the leading cause of HCC and its infection affects cancer-associated pathways. Following analysis with GSEA, 18 signaling pathways in the functional class of human diseases were selected, in which 13 signaling pathways are in the subclass of cancer, one signaling pathway is in the subclass of immune diseases (systemic lupus erythematosus) and four pathways are in the subclass of infectious diseases (Table I) . In addition, cancer-associated pathways were selected using SPIA, although far fewer than with GSEA (Table II) . However, the HCV infection often leads to abnormal metabolism (36) . Indeed, certain metabolism pathways were selected using GSEA (Tables I and II) . There are other syndromes in HCV-infected patients, such as left ventricular systolic, diastolic dysfunction and cardiac arrhythmias, although the intrinsic associations with HCV infection remain unclear (37) . Signaling pathways were selected with GSEA or SPIA, which were involved with environmental information processing, organismal systems, and certain signaling pathways may have direct or indirect associations with HCV (Tables I and II) .
It's important to note that the majority of these signaling pathways have been reported to be associated with HCV infection (11) (12) (13) (14) , which confirmed the two algorithms are effective in selecting pathways. However, seven of the signaling pathways provide novel clues to demonstrate the driving factor for extrahepatic manifestations of HCV infection, including basal transcription factors (Fig. 3A) , pathogenic Escherichia coli infection (Fig. 3B), shigellosis (Fig. 3C) , gastric acid secretion (Fig. 3D) , dorso-ventral axis formation (Fig. 3E) , amoebiasis ( Fig. 3F ) and cholinergic synapse (Fig. 3G) . Notably, the pathway of gastric acid secretion (Fig. 3D) was selected by the two algorithms in the present study. In this signaling pathway, genes are clearly influenced by the HCV infection (Fig. 3D) . Gastric acid secretion is associated with Figure 3 . Continued. Visualized pathways of (G) cholinergic synapse. Genes in red are upregulated and genes in green are downregulated. Genes in blue and pink are upregulated and downregulated but to a lesser degree. Genes in grey are not regulated significantly. Genes in white are these genes not counted in this microarray.
liver cirrhosis caused by the hepatitis virus infection (38) , and is also correlated with acute pancreatitis (39, 40) . Previous studies demonstrated that acute pancreatitis is associated with viral hepatitis (41) (42) (43) , in particular, a case of acute pancreatitis was described with associated HCV infection (43) . However, the direct associations between HCV infection and gastric acid secretion or acute pancreatitis require further experiments in order to be clarified. Basal transcriptional factors (Fig. 3A) , also termed general transcription factors (GTFs), are a class of protein transcription factors, and the factors TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH are required for RNA polymerase II to bind to a promoter (44) . Certainly, HCV replication indeed influences these factors, it was reported that HCV protein, NS5A interacts with TFIID (45) . In the present study, various factors of TFIIA and TFIID were inhibited by HCV infection. Shigellosis (Fig. 3C), amoebiasis (Fig. 3F ) and pathogenic Escherichia coli infection (Fig. 3B) are three different types of infectious disease. No direct connection was reported between these infections and the HCV infection. However, certain viral infections may be a risk factor to other infections; for example, the HIV infection may be a risk factor for acquiring shigellosis (46) (47) (48) . Cholinergic synapse (Fig. 3G ) is predominantly about the biological process of acetylcholine (ACh). ACh participates in numerous functions, such as learning, memory, attention and motor control. Clinically, the HCV infection causes nervous system dysfunction, which is primarily caused by upregulation of the host immune response with production of autoantibodies, immune complexes and cryoglobulins (49) ; the present results may demonstrate a novel insight into this pathogenesis. However, to the best of our knowledge, there is no evidence to indicate that dorso-ventral axis formation (Fig. 3E) is associated with the HCV infection.
Using Anni 2.1, single genes were selected from the selected signaling pathways for further analysis (Table III) . Those top genes selected with the Anni tool demonstrate their significance in the signaling pathways and associations with the HCV infection. However, the level of these does not necessarily change in the pathways, as the algorithm of the Anni tool did not consider the fold-changes of genes. Furthermore, those genes in Table III did not present obvious changes in the present experiments. However, the change in the protein levels cannot be excluded. SOS1, a guanine nucleotide exchange factor for Ras/Rac, was the highest scoring gene and contributed to six signaling pathways (Table III) . Although no direct association has been reported between SOS1 and the HCV infection, it provides novel evidence to further illustrate the outcome that HCV infection causes HCC, as a previous study demonstrated that SOS1 is closely associated with cancer (50) . The next highest scoring gene was Raf1, which is an enzyme in the extracellular signal-regulated kinases 1/2 signaling pathway that performs a regulatory role (51) . It was reported that constitutive expression of the HCV core results in a high basal activity of Raf1 (52) and knockdown of Raf1 inhibits HCV replication (53) , indicating that Raf1 may be important in the HCV life cycle. The third was IFNA2, which is a gene encoded by prototypic human interferon α (IFNα). It is associated with antivirus activity, as the recombinant IFNα2 has been approved for the treatment of HCV and its pegylated forms (PEG-IFNα2) are the most widely administered anti-viral agents (54) . Furthermore, IFNγ is a human IFN and contributes to auto-immune activities, and methylene tetrahydrofolate reductase, insulin-like growth factor and TP53 exhibit direct or indirect associations with HCC following infection with HCV (53) (54) (55) (56) (57) . These data may provide further evidence to investigate the associations between the HCV infection and syndromes exhibited by patients. In addition, illustration of the underlying mechanisms of those molecules may provide potential targets for interrupting the internal driving factors contributing to the extrahepatic manifestations of the HCV infection.
In conclusion, the present study demonstrated seven novel pathways for further clarifying the direct intrinsic factors contributing to systemic manifestations of the HCV infection, including basal transcription factors, pathogenic Escherichia coli infection, shigellosis, gastric acid secretion, dorso-ventral axis formation, amoebiasis and cholinergic synapse, and identified 10 genes, SOS1, RAF1, IFNA2, IFNG, MTHFR, IGF1, CALM3, UBE2B, TP53 and BMP7, whose expression may be key in those pathways.
